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All primates studied to date produce retroviral-like particles in their placentae. We have purified these particles from two
primate species, one Old World (human) and one New World (marmoset), and have identified the retroviral sequences which
are packaged into these particles. Three families of sequences have been detected in these particles in human, all of which
have the highest homology to B- and D-type retroviruses and to the human endogenous retrovirus HERV-K10. Previous
studies have reported that the New World monkeys do not possess sequences with homology to HERV-K10. We have
identified a new family of low-copy-number sequences which are present in New World monkeys and which possess 70%
homology to the HERV-K family. Particles from both species possess reverse transcriptase activity and we have found that
some of these retroviral particles package sequences which encode long open reading frames in pol, as revealed by
expression cloning in Escherichia coli. These open reading frames could encode the reverse transcriptase enzyme activity
found in the particles. q 1996 Academic Press, Inc.
It has been known since 1973 that primate placentae (ORFs) present in these sequences which could perhaps
encode the reverse transcriptase activity. This approachproduce retrovirus-like particles (1–3). These particles
not only resemble retroviruses morphologically but also assumes that the transcripts which are packaged into
particles include those which encode the proteins re-possess an enzyme activity which is indistinguishable
from the retroviral RNA-directed DNA polymerase (re- sponsible for forming them. We would also, however,
expect to find transcripts possessing closely related (c)verse transcriptase, EC 2.7.7.7) (4, 5).
The human genome is known to contain a large num- packaging sequences. One further complexity which may
ber of endogenous retroviral sequences; indeed some hinder this approach lies in the possibility that placental
current estimates suggest that as much as 0.1–0.6% of particles contain a mixture of gag proteins from multiple
the human genome may be derived from endogenous loci (and/or families), leading to the packaging of several
retroviral sequences (6). The majority of these elements groups of sequences (8). From the perspective of trying
appear to be either rearranged or mutated such that to identify sequences which could encode the reverse
they are incapable of producing proteins (reviewed by transcriptase activity, it seems reasonable to assume
Wilkinson et al., 7). However, if the retrovirus-like parti- that this activity derives from a processed gag–pol pre-
cles in the human placenta are considered, it seems cursor polyprotein, as occurs with most exogenous retro-
likely that the human genome should contain endoge- viruses (9). Whilst the gag-encoded moiety of such a
nous retroviral sequences which encode the virion pro- polyprotein need not be functional, it must retain open
teins including the reverse transcriptase activity. reading frames and also any necessary frame-shifting
Since it is not obvious a priori which of the many loci motifs for a functional reverse transcriptase to be excised
present in the human genome might encode the proteins from the polyprotein.
present in the placental particles, we attempted to iden- We have purified retrovirus-like particles from placenta
tify which sequences, if any, are packaged into particles. and cell lines on linear sucrose gradients and have then
Moreover, we looked for long open reading frames extracted RNA from fractions spanning the whole gradi-
ent for RT-PCR. In addition to sequencing these products,
we have assayed gradient fractions for reverse tran-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (215) 762-8857. E-mail: boyd@hal.allegheny.edu. scriptase activity and determined whether these pack-
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aged sequences possess open reading frames which
might have the potential to encode for this reverse tran-
scriptase activity.
Human placental tissue for particle preparation was
obtained from healthy full-term deliveries and was pre-
pared as follows: chorionic villous tissue was freshly
dissected as described (14) and either used immediately
or stored as 5-mm cubes, snap frozen in liquid nitrogen.
Placental tissue from marmoset monkey (6 weeks gesta-
tion) was also snap frozen in liquid nitrogen (12 ). GH
cells were grown in DMEM supplemented with 10% fetal
calf serum in a 5% CO2 atmosphere at 377. Cell pellets or
tissue were homogenised in an Ultra-Turrex at maximum
speed and on ice. Cellular debris was removed by centrif-
ugation at 4000 g for 10 min at 47 and the supernatant
from this was then recentrifuged at 20,000 g for 20 min
at 47 to remove mitochondria and other subcellular or-
ganelles. The resulting supernatant was then layered
over a linear 20–65% (w/v) sucrose gradient prepared
and run as described previously (15). One-milliliter frac-
tions were collected and a 20-ml solution of RNA was
prepared from these as follows: to 250 ml sucrose frac-
tion, 750 ml of RNAzol B (Biotecx Laboratories, Inc. Texas)
was added followed by 125 ml of chloroform. The rest of
the preparation was carried out according to the manu-
FIG. 1. Sucrose gradient studies of human placental tissue. (a) Thefacturer’s instructions.
density of alternate fractions from a sucrose gradient was determined
Complementary DNA was synthesized from the RNA by measuring the refractive index of the samples. (b) RT-PCR results
prepared above using the 3* PCR oligonucleotide 1506 using primers 1505 and 1506 on RNA made from sucrose gradient
(5* CATTCCTTGTGGTAAAACTTTCCAYTG 3*) as follows: fractions from the gradient in (a). Every third fraction was assayed.
Peak signal is from fractions 16 and 19 which have densities of 1.1655 ml of the RNA was incubated with 100 ng oligonucleo-
and 1.150 g ml01, respectively. No signal was detectable in the minustide for 2 min at 907 in 10 mM HEPES, pH 7.0, 1 mM
RT lanes (not shown). (c) Reverse transcriptase activity of sucrose
EDTA in a final volume of 10 ml and then cooled on ice. gradient fractions from the gradient in (a).
To this mixture was added 20 units of MoMLV reverse
transcriptase (Gibco-BRL) and this was then incubated
at 377 for 90 min in a final reaction volume of 20 ml described but with only 20 cycles of amplification. Fol-
lowing electrophoretic separation, PCR products wereaccording to the manufacturer’s instructions. Five microli-
ters of this reaction product was then incubated with 2.5 capillary blotted onto Hybond-N (Amersham) and hybrid-
ised to a 32P-end-labelled internal oligonucleotide (5*units of AmpliTaq DNA polymerase (Perkin–Elmer), 800
mM dNTPs, 200 ng each oligonucleotide; 1505 (5* TCC- GCCTTTGAGTTACTCTTTG 3*). The product was de-
tected by autoradiography.CCTTGGAATACTCCTGTTTTYGT 3*) and 1506, using the
following cycles: 947 for 30 sec, 507 for 45 sec, and 727 Figure 1 shows copurification of RT-PCR products at
1.17 gml01, the typical density of retroviral particles, withfor 30 sec for 30 cycles followed by a final extension at
727 for 5 min. PCR products were cloned into a T-tailed reverse transcriptase activity in sucrose gradient frac-
tions. These RT-PCR products were RT dependent; thatEcoRV site in pBluescript (KS-) (Stratagene) using stan-
dard methods (16). Plasmid inserts were sequenced us- is, they were not derived from DNA (data not shown).
The RT-PCR product for this experiment was generateding either sequenase (USB) or an ABI-373A automated
sequencer. Marmoset DNA for PCR was prepared from using primers designed to amplify the ‘‘D-type’’ endoge-
nous retrovirus family HERV-K (11, 22). We also usedthe spleen of a male animal using standard methods
(Ref. 16, Protocol I). primers which have been reported to amplify both C- and
D-type oncoviruses and also lentiviral sequences (10) butHuman reverse transcriptase activity was detected by
using the assay described by Silver et al. (21) with a few we were unable to detect any such sequence products in
these gradients. Tests of these primers on gradient puri-minor modifications. The template and primer used were
as described. However, annealing of the primer to the fied C-type (MoMLV), D-type (MPMV), HTLV/BLV group
(HTLV-1), and lentiviral (HIV-1) cultures demonstratedtemplate, for cDNA synthesis, was performed by heating
both to 907 for 2 min and then cooling on ice in 10 mM that these primers could indeed detect these viruses
(data not shown). The PCR products from several of theseHEPES, pH 7.0, 1 mM EDTA. PCR was performed as
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FIG. 2. Phylogenetic tree constructed from sequences obtained by RT-PCR from RNA isolated from sucrose gradient fractionated placental tissue.
The tree was constructed using the Clustal method, distances are in percent. At least 10 members of each family were sequenced but for clarity
the tree for only two representative clones from each family is shown. K102, 70A2, and 70B2 were obtained from one gradient. K101, 70A1, and
70B1 were obtained from another gradient made from tissue from another individual. K101 and K102 belong to the HERV-K family, 70A1 and 70A2
belong to the HERV-K70a family, and 70B1 and 70B2 belong to the HERV-K70b family.
gradients made from lysates of human placentae were of the other two groups of sequences into separate fami-
lies, as shown in Fig. 3. Note that with the HERV-K70acloned and sequenced and a phylogenetic tree based
upon a Clustal alignment of these is shown in Fig. 2. probe (sequence 70A1) a faint band is detectable in the
New World monkey DNA (see Fig. 3a). This may be signif-Analysis of these sequences indicates that they fall into
three families or groups. We named these groups ac- icant since it has previously been reported that there are
no members of the HERV-K family in New World monkeyscording to their approximate percentage homology to the
most closely related published sequence, HERV-K10 (23). However, the majority of sequences belonging to
these three families are present only in Old World mon-(GenBank Accession No. M14123), hence, HERV-K70a,
HERV-K70b, and HERV-K90. Homology among all three keys and apes. By using primers derived from the human
HERV-K70a sequences we have been able to character-families is approximately 70% and homology within a
family is greater than 90%. From this it follows that the ize in more detail endogenous retroviral sequences pres-
ent in marmoset genomic libraries, thus confirming the90% family (HERV-K90) may include HERV-K10 itself. That
this is indeed the case was confirmed by Southern blot weak hybridisation seen here (M. T. Boyd and R. R.
To¨njes, unpublished data). These primers were then(not shown) in which the characteristic internal 2-kb
EcoRI fragment of HERV-K10 was clearly visible. This used to amplify sequences from both sucrose gradient
fraction RNA and from DNA prepared from marmosetfamily will hereafter be referred to as the HERV-K/HERV-
K10 family. placenta. Sequence analysis of these products suggests
that there is more than one locus for the HERV-K70a-We also examined the human teratocarcinoma cell line
GH which had previously been reported to express only related sequences in the marmoset (M. T. Boyd and
R. R. To¨njes, unpublished data). It is not yet possiblesequences with high homology to the HERV-K10 family.
When these cells were studied with our system, 20/20 to determine from our analysis how many HERV-K70a-
related endogenous retroviral loci are present in the mar-clones sequenced had 95% homology to HERV-K10
within the 296-bp region (not shown). moset.
Whilst it is well documented that the New World mon-DNA samples, prepared from lymphocytes unless
stated otherwise, for Southern blots were prepared as keys express retrovirus-like particles in their placentae
(12 ), it was not clear whether these particles possessedfollows: Tree shrew (Tupaia belangeri, spleen DNA), le-
mur (Lemur fulvus), marmoset (Callithrix jacchus penicil- the reverse transcriptase activity typical of human and
other primate placental particles. For this reason we per-lata), squirrel monkey (Saimiri sciureus), Goeldi’s monkey
(Callimico goeldii), pig-tailed macaque (Macaca nemes- formed reverse transcriptase assays on sucrose gradi-
ent-purified marmoset monkey placental tissue lysatestrina), Rhesus macaque (Macaca mulatta), African green
monkey (Cercopithecus aethiops), baboon (Papio papio), and found that the particles and sequences did indeed
copurify with reverse transcriptase (not shown).chimpanzee (Pan troglodytes), orang-utan (Pongo pyg-
maeus, EB 1685, lymphoblastoid cell line; European col- To identify full-length open reading frames we used
PCR amplification of the RT and RNaseH domains oflection of animal cell cultures, UK), gorilla (Gorilla gorilla),
and human. Southern blots were performed using 10 endogenous retroviral sequences. Sequence information
used to design the primers came from our own unpub-mg of genomic DNA digested to completion with EcoRI,
transferred to Hybond-N, and hybridised according to lished sequences of genomic clones belonging to mem-
bers of each of the three families which we had identifiedstandard methods (16). Probes for hybridisation were la-
belled by random priming (17). As a single-copy control as being expressed and packaged into placental viral
particles. The genomic clones were generated bywe used a 2400-bp NarI –BamHI fragment of the human
histone H17B gene containing coding and 3* flanking screening a Lambda fix II vector–human placental geno-
mic DNA library (Stratagene 946205) with probes gener-sequences (not shown) (18).
Southern blot analysis also confirmed our placement ated from sucrose gradient-purified virion RT-PCR prod-
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an MPMV clone, pSHRM15 (19), and subcloned this into
pTrc99A, again with a myc tag, to create pMPMV. After
ligation, DNA was transformed into either JM 105 or XL-
2 Blue (Stratagene) strains of Escherichia coli and grown
overnight at 377. Colonies were lifted onto dry cellulose
nitrate filters (Schleicher & Schuell BA85) presoaked in
5 mM isopropyl-b-D-thio-galactopyranoside. Lifted colo-
nies were grown for 4 hr and then lysed in 5% SDS and
incubated in a microwave oven until the colonies became
translucent. Sandwiches of membranes were then elec-
troblotted at 200 mA for 30 min. Filters were washed
twice in Tris-buffered saline (TBS), treated with DNase
for 20 min in TBS, and then washed again in TBS, 0.1%
Tween 20 (TBS-Twn) for 5 min. Membranes were blocked
in 5% nonfat milk powder (Marvel) for 1 hr. Myc-tagged
protein was then detected by adding a mouse mono-
clonal anti-myc antibody (9E10) (20) at a 1/400 dilution
for 1 hr. Nonspecifically bound primary antibody was
removed by washing four times in TBS-Twn. The second-
ary antibody (rabbit anti-mouse Ig-HRP, P260, Dako) was
added at a 1/1000 dilution for 1 hr and the membrane
was then washed three times in TBS-Twn and then twice
in TBS. Detection was performed using ECL (Amersham)
according to the manufacturer’s instructions. After the
colonies were screened with the 9E10 Mab, positive
clones were examined for insert size by restriction diges-
tion and those with full-size inserts were Western blotted.
Figure 4 shows a comparison of Western blotted pMPMV
with sequences cloned from human placental gradient-
purified RNA which demonstrates that we were able to
identify clones which possessed apparently full-length
ORFs.
Sequence analysis of one of these HERV-K clones con-
firmed the presence of a long ORF for the reverse tran-
scriptase and RNaseH domains of the pol gene (23).
Our results support the hypothesis that endogenous
retroviral particles of humans package specific virus-like
FIG. 3. Southern blot analysis of members of the HERV-K70a (a) and
HERV-K70b (b) families. Lanes are left to right: Lambda HindIII; Tup,
tree shrew (Tupaia); Lem, lemur; Clx, marmoset (Callithrix); Sai, squirrel
monkey (Saimiri); Cal, Goeldi’s monkey (Callimico); Nem, pig-tailed ma-
caque (nemestrina); Rhe, rhesus macaque; Agm, African green monkey;
Bab, baboon; Chi, chimpanzee; Ora, orang-utan; Gor, gorilla; Hum, hu-
man; and Lambda HindIII.
ucts. Primers for generating full-length open reading
frames were designed by alignment of these sequences,
together with sequences obtained from GenBank and
EMBL databases of the most closely related endogenous
and exogenous retroviral sequences, HERV-K10 and
MPMV. The RT-RNaseH region was amplified from RNA
present in sucrose gradient fractions corresponding to
the density range 1.16–1.18 g ml01. This was subcloned
FIG. 4. Western blot analysis of full-length clones obtained frominto the XbaI and SalI sites of the prokaryotic expression
placental tissue. Blot was probed with anti-c-myc (9E10) Mab. Lanes
vector pTrc99A (Pharmacia) together with a myc tag, es- are: 1, pMPMV (positive control); 2, pTrc99A (negative control); 3–5,
sentially as described (23). As a positive control we am- three independent clones prepared from placental gradient cDNAs as
described in the text.plified the equivalent region from a plasmid containing
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RNA molecules. Several lines of evidence promote this The full-length open reading frame assay which we
have employed in this study has enabled us to identifyconclusion. First, PCR amplification of these molecules
is RT dependent. Second, targets for this amplification a number of clones which have ORFs for RT and RNaseH
from both the HERV-K70a and the HERV-K families. Anyband on sucrose gradients at the same density as a
particle-associated RNA directed DNA polymerase (re- one of these clones may possess reverse transcriptase
activity but to date, we have been unable to demonstrateverse transcriptase). Moreover, the fact that, in cells
which express both C-type and D-type sequences such this unequivocally. Either the activity is not present in
any of these clones or the activity is too low to detect inas human placenta and the teratocarcinoma cell line GH
(13, 24–26), only specific families of D-type sequences this assay. Alternatively, it may be that we have ex-
pressed an inactive fragment. Our control for this was tocan be detected associated with particles also obliquely
supports this conclusion. In addition, this latter observa- express the equivalent region of MPMV and this did in-
deed have RT activity in our assay (not shown). The relia-tion lends weight to the claim that the source of these
sequences is RNA, since GH cells contain all three fami- bility of this control for these experiments is nonetheless
questionable, since the homology between these twolies of HERV-K-related sequences at the DNA level but
express only the HERV-K family. RTs is only 60–70% and moreover some reverse tran-
scriptase molecules are known to be inactive when ex-We have found that three distinct families of HERV
sequences are packaged into placental retrovirus-like pressed in E. coli (28).
What might be the functional significance of productionparticles. GH cells express and package only one of
these families (HERV-K) and yet produce particles (13 ). of these particles? Since these particles have only been
observed budding from syncytiotrophoblast the retroviralWhilst it does not necessarily follow, this might suggest
that the other two families are not necessary for particle genes may be expressed from promoters which respond
to signals dependent upon the differentiation status ofproduction in the placenta. The evidence that GH cells
produce particle-associated reverse transcriptase further the trophoblastic cells. This is known to be the case for
the defective single-copy HERV locus ERV-3 (HERV-R)suggests that only the HERV-K family of sequences en-
codes the particle-associated reverse transcriptase ac- (29). We do not yet know whether the sequences ex-
pressed in the placenta are capable of retrotransposition.tivity (27). It is, however, well documented that New World
monkeys, which do not possess the HERV-K family of If they are, this may not be a very significant event in
nonreplicating syncytiotrophoblast cells. Retrotransposi-sequences, do produce retrovirus-like particles (12 ) and
as we have found here for the marmoset, these copurify tion may have more importance in another tissue. For
example, in the T47D mammary carcinoma cell line, wewith a reverse transcriptase activity. Since the marmoset
possesses sequences which are more closely related to have shown that HERV particles are expressed in a hor-
mone responsive manner (23). These cells may presentthe HERV-K70a family, it seems possible that members
of this family may also encode functional gag and pol a system in which upregulation of a group of putative
retrotransposons could lead to insertional mutagenesisproteins. From our Southern blot data it seems likely that
when members of this virus family infected primates, a or upregulation of cellular genes juxtaposed to HERV
LTRs (30). This would become particularly interesting ifdifferent course was followed in the New and Old World
lineages. In the New World species there are only a few similar expression were found to occur in normal mam-
mary tissue.copies of HERV-K70a-related sequences whereas in the
Old World species there appear to be many more copies. Our results show that HERV particles in the placenta
package RNA from a limited number of families of se-This could be the result either of more active retrotrans-
position/trans-position or of reinfection in the Old World quences and that members of at least two of these fami-
lies possess ORFs which could encode the reverse tran-animals, or both.
From the sequences obtained from the marmoset we scriptase which copurifies with the particles and se-
quences. Studies aimed at the identification of the lociconclude that, although they were first identified with
HERV-K70a probes and primers, the homology of these which encode this enzyme activity are now in progress.
marmoset sequences to human HERV-K70a is lower (ap-
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